ABSTRACT. The interaction between rare-earth ions and DNA from Bashibai sheep was studied by microcalorimetry and electrochemistry. The DNA chain was found to have four to five binding sites for rareearth ions. The binding affinity was about 10 -5 -10 -6 M. It was also found that smaller ions caused more heat to be released in the process of binding and bound more readily to the nucleic acid chain. This is attributed to the enhanced ability of polarization of smaller ions and reduced steric hindrance compared to larger ions. The electrochemistry results show that rare-earth ions could be inserted into the DNA helix, producing a new complex with electrochemically active groups. The rare-earth ions and DNA complex reached equilibrium after a 90-min incubation at room temperature.
INTRODUCTION
China has a centuries-old history of breeding sheep. It has abundant sheep breed resources, with more than 40 local sheep breeds, which serve as important genetic resources for the sustainable development of animal husbandry and for the preservation of biological diversities. For example, Ganjia and Oula sheep in Gansu Province belonging to local breeds of Tibetan sheep can adapt to the plateau environment and endure coarse feeding (Du, 2003; Wang et al., 2006) . The Bashibai sheep, which is raised in Xinjiang Province, has delicate and tasty meat that is easier to digest and has a higher calcium and iron content (Wang et al., 2007) . In addition, there are other local sheep breeds, such as Henan big-tail sheep and Heiqiupi sheep, which possess unique features. Previous studies on these breeds were carried out only at the morphological level. There are still no reports on some of the breeds at the molecular level.
The purpose of this study was to investigate the genetic diversity and phylogenetic evolution of Chinese sheep based on the analysis of the complete sequence of the Cyt b gene. This will be helpful for the conservation, utilization, and exploitation of the genetic resources of indigenous Chinese sheep.
Because trace rare-earth elements can promote the growth of plants (Chen et al., 2001) , they are added to fertilizer, which is widely used in agricultural production. As a result, rare-earth elements occur in almost every corner of the Chinese mainland. The rare-earth elements were characterized with regard to their physiological functions and biological effects on some organisms (Peng and Wang, 1991; Zhu et al., 1998; Zhao et al., 2000) . After they get into the living body, however, what effect they have on organism and how they take part in metabolism remain unknown. In recent years, growing concern has been expressed about rare-earth elements, because they are a potential threat to the environment. In the long run, rare-earth elements may be a new kind of pollution.
DNA is a long linear polymer that carries information in a form that can be passed from one generation to the next. Genetic information is stored in the sequence of bases along a nucleic acid chain. Thus, the stability of DNA is very important for the safety of species (Jeremy et al., 2001) . Rare-earth ions have positive charges and a 4f-electron orbit, which have an affinity for negative charges and N, O, P atoms on the nucleic acid chain. With the accumulation of rare-earth ions, their impact on the stability of DNA should be evaluated, on which there is no previous report. In this study, both microcalorimetry and electrochemistry were used to study the affinity of rare-earth ions for DNA from Bashibai sheep and how rareearth ions bind to the nucleic acid chain.
MATERIAL AND METHODS
Analytical reagent grade lanthanum nitrate (La, Ce, Eu, Ho, Yb) was obtained from the China Medicine (Group) Shanghai Chemical Reagent Corporation.
Samples tested
We selected 189 healthy sheep randomly at a Bashibai sheep center for producing sheep, Yumin County, Xinjiang, consisting of 40 white line, 40 black line, 34 orange line, and 75 lean new line. Ear tissue samples were taken in 1.5-mL centrifuge tubes containing 70% ethanol and were kept at -20°C in the laboratory for future use.
Main reagents
TaqDNA polymerase and dNTP mixture were purchased from TaKaRa Biotechnology Ltd.; proteinase K, Tris, EDTA, SDS, N, N'-methylene bisacrylamide, TEMED, ammonium persulfate, agarose, and acrylamide from Lanzhou Pengcheng Biotechnology Co., Ltd., and Tris-saturated phenol, chloroform, isoamyl alcohol, silver nitrate, and anhydrous ethanol were of analytical grade.
DNA was extracted from samples and detected by the method described previously (Sambrook, 1989) .
DNA quality and concentration determination
Quality testing of genomic DNA was checked by 0.8% agarose gel electrophoresis, UV lamp observation, and preliminary analysis of DNA extraction efficiency. Genomic DNA concentration was determined with a UV spectrophotometer; optical density was measured at absorbances of 260 and 280 nm, and the DNA concentration (ng/μL) was calculated as follows: DNA concentration = 50 × OD 260 × dilution factor / 1000. Pure DNA = OD 260 / OD 280 ≈ 1.8 (a ratio greater than 1.9 indicates that there is RNA contamination; a ratio less than 1.6 indicates the presence of protein, phenol and other pollutants).
Microcalorimetry
TAM Air (Thermometric AB, Sweden), which is an 8-channel heat conduction microcalorimeter for measurements of heat flow, was designed to monitor continuous heat released or absorbed in a series of processes. The performance and the details of this instrument have been previously described (Xie et al., 1988; Peng and Wang, 1991; Peng et al., 2003) . The instrument was improved to perform the titration experiment. With the buffer in the reference ampoule unchanged, the sample ampoule was installed with the titration setting, as shown in Figure 1 . The titration setting contains a syringe, one reservoir, one vent, and some tubules to connect them. When performing an experiment, the reference ampoule is filled with buffer, which has the same heat capacity as the sample. The syringe and reservoir are then filled with titrant, and the titration ampoule is filled with the material to be titrated. The calorimeter is then equilibrated to the desired temperature.
Prior to the experiment, the electric calibration and chemical calibration were performed on the instrument at 25°C. According to the manual, the electric calibration was performed by a permanent precision heated on each channel. The reaction between the diluted hydrochloric acid and a large excess of diluted sodium hydroxide was used as chemical calibration in this instrument. After subtraction of dilution heat of each injection, the enthalpy of reaction can be calculated.
At 298.15 K, with the reference ampoule filled with buffer, the sample ampoule was filled with 10 mL 10 -5 M DNA dissolved in Tris-HCl buffer. The syringe and reservoir were filled with titrant -5 × 10 -4 M rare-earth ions. After the titration settings were put into the calorimeter, 2 h were spent to equilibrate to the same temperature of the thermostat. The titration experiment was performed by injection of rare-earth ions into the DNA solution in the sample ampoule.
Electrochemistry
All the electrochemical experiments were performed in a conventional three-electrode cell, a glassy carbon working electrode, an Ag/AgCl (saturated KCl) reference electrode, and a platinum wire counter electrode. Cyclic voltammetries were performed in a CHI660B electrochemical work station (CHI Instruments, Shanghai, China).
Prior to the experiments, the work electrode was polished by 1.0, 0.3, 0.05 mm α-Al 2 O 3 , then washed with distilled water, and acetone for 5 min. High-purity nitrogen was used to deaerate the solutions for at least 10 min. After Ce 3+ was incubated with DNA for different times, the voltammograms were recorded with cyclic potential scan at 20 mV/s. The voltammograms were recorded with the titration of 1.125 × 10 -6 M DNA into a stock solution of 10 -4 M Ce
3+
. The voltammograms were recorded in the mixture of 1.125 × 10 -6 M DNA and 10 -4 M Ce 3+ with different scanning speeds. All experiments were typically carried out at room temperature.
RESULTS AND DISCUSSION
At 298.15 K, rare-earth ions were titrated into DNA solution in Tris-HCl buffer. The thermogenic curve in the titration process is shown in Figure 2 . The proposed binders show a concentration dependence on the measured heat from the microcalorimetric titration experiments, while a non-binder essentially shows only effects associated with heat of dilution and all peaks will be of the same size during repeated injections. The integrated heat of each injection is shown in Figure 3 , from which it could be seen that heat was produced accompanying the binding of incremental additions of rare-earth ions to DNA.
According to the principle of isothermal titration calorimetry, the titration setting was applied for determination of binding interaction. With the help of a non-linear curve fitting carried out by the Microcal Origin software, the binding thermodynamic parameters, K, n, and can be calculated from actual calorimetric data (Freire et al., 1990; Qu et al., 2002) . The Gibbs free energy and entropy of the binding reaction can be obtained by Equations 1 and 2. The analysis of the calorimetric curve was performed with the help of non-linear curve fitting of Microcal Origin. The binding affinity (K), binding stoichiometry (n) and binding thermodynamics ( ) could be calculated and are shown in Table 1 . , the ion radii decrease gradually. More changes in enthalpy and Gibbs free energy for heavy rare-earth ions were observed compared to light rare-earth ions. The results suggest that the smaller ions cause more heat released in the process of binding and are easier to bind to the nucleic acid chain. The association force between DNA and small ions has covalent bond, hydrogen bond, electrostatic attraction, Van der Waals attraction, hydrophobic force, and so on. In this case, covalent bond and electrostatic attractions are the main force, in the binding process. As to the electrostatic attraction, the high valence and small ion size favor the formation of ionic bonds (Yang, 1991) . Besides, a small ion size also favors the formation of covalent bond because of the steric hindrance of large ions on the long polymers. Therefore, the smaller rare-earth ions have higher affinity for the nucleic acid chain.
All the reactions in this experiment showed negative values of and in the binding process. The standard enthalpy can be considered an indicator of the increase in intermolecular bond energies in binding process, while the standard entropy reflects the decrease in disorder of the system during the reaction process. In the process of electrostatic self-assembly, the cations migrated from the three-dimensional solution to the DNA surface and were fixed by the association force. The degree of disorder was inevitably reduced and the entropy of the system decreased, which went against the adsorption process. However, the exothermal change of electrostatic self-assembly was observed, which is helpful for the occurrence of the reaction. With the changes of enthalpy and entropy in this experiment having opposite contributions, the binding of rare-earth ions and DNA is an "enthalpy-driven" reaction (Paola et al., 1994; Peng et al., 2007; Liu et al., 2008) .
At the molecular level, microcalorimetry has been widely applied in the understanding of the mechanism of regulation and control of biological processes. Its advantage lies in the direct determination of heat signal occurring in the binding process and avoiding the need to partition between the free and bound ligands. Because nearly all binding interactions are accompanied by a change in enthalpy, and because all reactions of interest will produce a thermal signal, calorimetry offers the possibility of directly determining not only the binding constant, and thereby free energy, but also the stoichiometry, enthalpy, and entropy in a single experiment.
The electrochemical characteristics of metal complexes are found to affect possibly their DNA-binding properties (Moriwaki et al., 2008; Millonig et al., 2009) . Many intercalators of DNA such as ethidium, daunomycin, etc., are good electron acceptors, whereas all bases and base pairs of isolated DNA, e.g., adenine, thymine, and adenine-thymine, etc., are good electron donors. Figure 4 shows the cyclic voltammetries of Ce 3+ with the titration of DNA into a stock solution. There is an oxidation-reduction of Ce 3+ in the graph. With the addition of DNA, peak current increased correspondingly and there was no new oxidation-reduction reaction. Also, the oxidation peak shifted a little. This phenomenon suggested that Ce 3+ bound to the DNA chains and both of them produced the new complex with electrochemical active groups (Xu and Bard, 1995) . The new complex could respond on the work electrode and the peak current increased. The positive oxidation peak suggests that Ce 3+ was inserted into the nucleic acid chain. Figure 5 shows the cyclic voltammetries of the mixture of Ce 3+ and DNA with different incubation times. The same phenomenon was observed as in Figure 4 . With longer incubation time, the peak current increased and the oxidation peak shifted positively. It suggested that the new complex with electrochemical properties could be produced without an electric field in the process of binding of Ce 3+ to DNA chains. This binding is also involved in a dynamic process. After 90 min, the substances in solution would reach an equilibrium. 
CONCLUSION
The interaction between rare-earth ions and DNA from Bashibai sheep was studied by microcalorimetry and electrochemistry. Due to covalent bonds and electrostatic attraction, rare-earth ions have a high affinity for DNA chains with a binding constant 10 -6 M. The smaller ions could bind to the DNA chains more tightly. This is attributed to enhanced ability of polarization of smaller ions and reduced steric hindrance compared with larger ions. Thus, the heavy rare-earth ions are more likely to bind to DNA. The electrochemistry results show that rare-earth ions could be inserted into the DNA helix and a new complex with electrochemical active groups was produced. In mixture, rare-earth ions, DNA and the new complex could reach an equilibrium after a 90-min incubation at room temperature.
